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Abstract

NIH-PA Author Manuscript

Coherent dynamics of degenerate quantum states symmetry-broken on the femtosecond timescale
is found to exhibit the phenomenon of quantum beats. Frequency-resolved and polarizationselective heterodyned transient grating spectroscopy enabled us to retrieve the oscillation pattern
characteristic of the beating in systems undergoing ultrafast dynamical processes. This
methodology applies to the general phenomena of coherence dynamics which is important in any
ultrafast multidimensional spectroscopy. A particular application to the vibrational spectroscopy
of coherence in the degenerate normal modes of the tricyanomethanide anion solvated in water is
explored in this study. The relaxation of the cross-polarization transient grating anisotropy is
shown to reflect the loss of the vibrational coherence, which is caused by ultrafast dynamics of the
water solvation shell.
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The study of quantum coherence and its relaxation in condensed phase has been made
possible by means of ultrafast multipulse spectroscopy.1–5 Quantum coherence is of
fundamental interest for studies of the mechanisms by which excited states lose
correlation6–8 or transfer coherence from one pair of states to another.5,9–13 It was also
found to play an important role in the biological systems.5,14,15 Interpretation of structural
and dynamical information obtained from experiments involving coherent excitations
requires detailed understanding of all the relaxation processes.1,9,16 In the field of
vibrational spectroscopy experimental advances in ultrafast multidimensional methods have
demonstrated how the study of relaxation dynamics can elucidate some important aspects of
the interaction between a molecule and its environment.17–23 Recent examples include the
solvation dynamics in bulk and at the interfaces,19,21,23–25 chemical exchange,26–28
conformational dynamics,29,30 and binding processes in proteins and drugs.31–33
Identification of relaxation mechanisms and their time scales is an important step towards
characterization of the system dynamics in solution. Full- and near-degeneracy of quantum
state structure is a common scenario especially in the vibrational modes of highly symmetric
molecules.24,34–39 In the present work we report the direct observation of the coherence
*
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dynamics of tricyanomethanide anion (TCM) in water. TCM has become the focus of
extensive research due to its possible application in ionic liquids.40 TCM has three nitrile
groups connected to the central carbon atom and in the absence of the interaction with the
environment it has D3h symmetry. Two degenerate in-plane normal vibrational modes
referred to as A1 and A2 corresponding to asymmetric stretching appear as a single peak at
2173 cm−1 in the linear infrared absorption spectrum.41,42 In aqueous solution the
interaction between the TCM and water molecules dynamically breaks the three-fold
rotational symmetry of the anion and lifts the degeneracy of the in-plane modes.
Heterodyned three-pulse photon echo spectroscopy has a unique ability to resolve the
femtosecond dynamics of the coupled quantum states of the solvated molecules.43–45 In a
recent study, the average splitting of 7 cm−1 between the A1 and A2 modes of TCM was
revealed by 2DIR spectroscopy.36 Here we demonstrate that even in the presence of ultrafast
fluctuation of the solvation shell, which induces frequency fluctuations and mixing of the
nearly degenerate vibrational modes, the signature of the coherence in the symmetry-broken
molecules can be monitored as a beating pattern and characterized with polarizationselective and frequency-resolved heterodyned transient grating (FRHTG) infrared
spectroscopy. We anticipate that the concept demonstrated here can be generally applied to a
broad range of problems studied by ultrafast multidimensional spectroscopy.1–3
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Until now vibrational coherence dynamics was studied in systems where the quantum states
have strong transition dipole moments and strong coupling which results in a high signal-tonoise ratio and high spectral separation.10–12 In many other interesting systems as, for
example, proteins studied by isotope labeling or molecules with high symmetry, which
involve weak and overlapping transitions,21–23,37 coherence dynamics is not easily
observed. In such scenarios polarization-resolved spectroscopy has been demonstrated to be
particularly useful, allowing one to isolate otherwise hidden signals.46 Due to the
degeneracy of the vibrational modes in TCM, the quantum beats cannot be observed by
ultrafast IR pump-probe spectroscopy or standard 2DIR spectroscopy10,11 because the
spectral overlap between the beating and not-beating Liouville pathways2,3 masks the
beating pattern.
In a FRHTG experiment, schematically shown in Figure 1a, the signal is a sum of all the
relevant Liouville pathways47 which track the system’s evolution during the interaction with
femtosecond pulses (see Figure 1b–e). Coherent states are prepared by interaction with the
first pulse pair, evolve during the waiting time (T), and are measured by the second pair of
pulses during the detection time (t). The signal represents an average over the isotropic
molecular dipoles distribution.
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Consider the coherent excitation of two coupled vibrational modes. Assuming that the
excitation femtosecond pulses are infinitely short, the FRHTG signal SABCD (ω,T) collected
with the sequence of pulses linearly polarized along the directions A,B,C,D in the laboratory
frame is proportional to the Fourier transform over all contributing response functions2,3 Rn
(T, t):

(1)

where 〈iA jB kC lD〉 represents ensemble-averaged rotational factor of the Feynman path
i,j,k,l (enumerated by index n), and Sijkl (ω,T) are the corresponding spectral amplitudes.
The real part of SXXXX (ω) for the TCM anion is shown in FIGURE 2. The splitting
between the A1 and A2 modes is not sufficient to resolve the two peaks, thus, only a single
peak is seen in the FRHTG spectrum. Similar to the standard frequency-resolved pump-
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probe signal, the negative and positive peaks at 2152 and 2173 cm−1 correspond to the
transient absorption and stimulated emission and ground state bleach signals, respectively.36
For completeness, Figure 2 also presents the linear absorption spectrum of TCM in water
(panels a–b).
The Liouville pathways for the transient grating experiment are shown in Figure 1b–e. The
population states |i〉 〈i| that appear in diagrams of panels b–c do not show beating
oscillations during the waiting time, while the coherence states |i〉 〈i| (panels d–e) do beat.
As already mentioned, due to the masking effect by the non-beating Liouville pathways
beating is not observed during the waiting time in the SXXXX (ω, T) signal. Therefore, in
order to resolve the beating pattern we first examine the waiting time dependence of the
parallel-polarization transient grating (PPTG) anisotropy. The PPTG anisotropy signal rPPTG
(ω, T) is calculated from two waiting time scans, where the system is prepared by the first
two pulses having the same polarization and the evolution is probed by the pair of pulses
polarized either parallel or perpendicular to the initial pulse pair:29
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. A discussion on the pump-probe anisotropy, which
at T=0 is formally equivalent to rPPTG (ω, T=0) was recently published.37 Here we note that
in PPTG anisotropy signal the vibrational population relaxation factor e−T/2T1 is canceled
out, and when a simplified model of PPTG anisotropy is considered,48 the expected
relaxation by the rotational diffusion is rPPTG (T) ∝ e−6DT , where D is the rotational
diffusion constant. The waiting time dependence of SXXXX and SYYXX signals at 2173 cm−1
are shown in Figure S1 of the Supporting Information.
The PPTG anisotropy signal at 2173 cm−1 in Figure 2e shows a bi-exponential decay with
slow (τ =2.4 ± 1.4 ps) and fast (τ =0.5 ± 0.1 ps) components, attributed to the rotational
diffusion relaxation and mode mixing, respectively, in a full agreement with previously
published pump-probe results.36 While appearance of a beating pattern due to the excitation
of the coherence states is expected in the PPTG anisotropy, from numerical simulations
described below we find that it occurs for strong and well spectrally-separated modes, or if
one of the transition dipole moments is significantly stronger than the other. Clearly, this is
not the case for the TCM anion. The A1 and A2 vibrational modes are nearly degenerate and
have transition dipole moments of the same magnitude, which results in a spectral overlap
between the beating and not-beating pathways contributing to the signal. In the PPTG
anisotropy signal in Figure 2e, the oscillatory behavior is masked completely, while the
appearance of a fast decaying component suggests the presence of a population mixing
mechanism in addition to rotational diffusion.
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To validate our interpretation of the experimental results, we used numerical simulations
based on the third order response functions1–3 applied to two coupled vibrational modes. For
all model parameters we have used experimentally measured values36 listed in Table 1, with
the exception of amplitude Δω for the frequency fluctuation correlation function ξ (t) ,
which is not readily available from our experimental data. This parameter was selected to
provide the best match to the experimental results. We have used Kubo correlation function2
ξij (t) = Δω2e−t/τC (τC is the correlation time) for both auto-correlation (ξii) and crosscorrelation (ξij), such that ξij = f ξii, where f is the correlation coefficient, which was found
to correctly describe dynamics of TCM in water.36 In simulations we included also the
population and coherence transfer using the methodology based on Redfield’s theory that
was established previously.10,34,35,38 The simulation results are in a good agreement with
the experiment, as shown in Figures 2b,d,f.
Thus, the beating pattern indicating coherence between the two nearly degenerate modes of
the TCM cannot be observed in PPTG anisotropy. We therefore used different pulseJ Phys Chem Lett. Author manuscript; available in PMC 2014 June 06.
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polarization conditions to reveal the coherence dynamics. Anisotropic response of the
molecules allows one to extract only those Liouville pathways that contain the information
on the coupled modes coherent dynamics during the waiting time (i.e. beating pathways
shown in Figure 1d–e) and to eliminate all the others. The excited states were prepared with
a pair of cross-polarized pulses and probed with two sets of pulses having different crosspolarization. The measured signal is the cross-polarization transient grating (CPTG)
anisotropy rCPTG (ω, T)that is the difference between the signals corresponding to
polarization conditions 〈XYYX〉 and 〈YXYX〉 : rCPTG (ω, T) = SXYYX (ω, T) − SYXYX (ω,
T). It can be readily shown that as opposed to PPTG anisotropy, in CPTG anisotropy most
of the Liouville pathways are eliminated by subtraction,46,48 and the remaining Liouville
pathways only involve the excitation and waiting time evolution of the coherence states |i〉
〈j|. The waiting time dependence of SXYYX and SYXYX at 2173 cm−1 are shown in Figure
S1 of the Supporting Information.
Experimental results for the waiting time dependence of the CPTG anisotropy signal at 2173
cm−1 are shown in Figure 3a, where the beating pattern is clearly seen. The relatively fast
decay of the oscillations appears on the same time scale as the fast decay component
observed in the PPTG anisotropy in Figure 2. However, as will be shown below it has a
different origin.
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We analyze the CPTGA results by expressing the signal as
(2)

When the relevant Liouville pathways and their rotational factors are explicitly introduced,
CPTG anisotropy takes the form of (see Supporting Information)
(3)
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where μ1 = μ2 are the transition dipole moments associated with the vibrational modes, ω12
is the difference in their fundamental transition frequencies, and δ is the combination band
anharmonicity. The waiting time dependence of the spectral lineshapes Si (ω, T)arises from
the dependence of the response functions on the lineshape function g (T + t), which is a
double integral of ξ. Generally, the dependence of g (T + t) on the waiting and detection
time intervals cannot be separated. However in the homogeneous limit, the two time
intervals become separable and the spectral shapes are Lorentzian and stationary during the
waiting time. In the inhomogeneous limit the spectral shapes are Voigt functions, i.e. a
convolution of Lorentzian and Gaussian functions,47 where the Lorentzian component
gradually changes during the waiting time. Although for the TCM anion we used Kubo
lineshapes and the spectral amplitudes Si (ω,T) have some waiting time dependence, as we
will show below, the model in equation(3) can be further simplified by assuming that this
effect is minor as compared to the oscillating and decaying components.
The waiting time dependence of the CPTG anisotropy differs from PPTG anisotropy in that
it decays both due to the lifetime T1 and rotational diffusion, such that the total decay of the
vibrational coherence measured in CPTG anisotropy is due to the factor e−g(T)−2DT−T/T1. As
both rotational diffusion and the population relaxation times in the TCM anion are slow (see
Table 1), the coherence relaxation decay is dominated by the factor e−g(T). Fitting the
experimental data in Figure 3a to the function of equation (3) results in a coherence decay
time of τ =450 ± 10 fs. The correlation time of TCM anion τC =1.1 ps associated with the
decay of the correlation function ξ (T) was measured previously.36 In the case of a Kubo
J Phys Chem Lett. Author manuscript; available in PMC 2014 June 06.
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lineshape the relation between the decay constants of ξ (T) and e−g(T) does not have a simple
mathematical expression. Thus, we resort to a numerical simulation of the experiments. The
simulation results shown in Figure 3b in blue line support our observation that the coherence
decay arise primarily from the correlation time of ξ (T) , with additional contribution as
appear in equation (3) that results in a difference between τ =450 fs and τ =1.1 ps decay
constants. We have found a good agreement between the experimental and simulated results
using only a single correlation time constant τC for ξ (T) , which successfully reproduces the
decays in both ξ (T) and in CPTG anisotropy. These results suggest that the coherence
relaxation is caused primarily by the fluctuation of the solvation shell with additional
contributions from rotational diffusion and vibrational lifetime.
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Until now we have neglected the processes of population or coherence transfer in the CPTG
anisotropy model (equation (3)). These two processes are known to contribute to the
vibrational dynamics of TCM.36 Below, we will demonstrate that a quantitative description
requires detailed accounting for these processes, by their incorporation into the simulations.
Based on the recent studies10,11,34–36,38 it is reasonable to assume here that events of
population and coherence transfer occur mainly during the waiting time, and that the transfer
rate constants between the population and coherence states as well as between coherences
involving ground and excited states are negligible. Also due to the near-degeneracy of the
normal modes, remaining transfer rate constants between the population states |i〉 〈i| and |j〉
〈j| as well as between coherences |i〉 〈j| and |j〉 〈i| are assumed to have the same value ket.
When the transfer processes are accounted for, better agreement with the experimental
results is observed (black line in Figure 3b). Due to the significant complication that a full
theoretical description implies,49 we have not included these processes in equation (3), yet
keeping our model valid qualitatively. The model that includes the transfer processes will be
addressed in a future work. However, the small difference in the decay time of the blue and
black lines in Figure 3b (ca. 650 fs vs 500 fs) suggests again that the main contribution to
the coherence relaxation observed here is due to the frequency fluctuation caused by the
hydration dynamics and only a minor contribution is due to the population transfer.
The effect of the hydration dynamics is further emphasized when the solvent is changed
from water to the aprotic dimethyl sulfoxide. In this case of weak solute-solvent interaction,
the width of the nitrile linear infrared absorption peak corresponding to the A1 and A2
vibrational modes of TCM changes42 from 17 to 10 cm−1. Due to the different character of
interaction with the solvent, the symmetry breaking is less pronounced and splitting of the
degenerate modes is as small as ca. 2 cm−1. In this case CPTG anisotropy measures
coherence relaxation time of 1 ps (note that vibrational lifetime is ca. 40 ps)42, as shown in
Figure S2 of Supporting Information.
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In conclusion, we have presented a methodology to directly characterize the ultrafast
dynamics of coherence in the nearly-degenerate quantum states. A proper choice of the
polarization conditions of ultrafast pulses enabled us to eliminate all the excitation pathways
that mask the quantum beat pattern. In particular, we have applied this methodology to
investigate the coherent dynamics of the nearly degenerate vibrational normal modes of the
TCM anion in water. Our experimental results and their modeling show that the relaxation
of the cross-polarization transient grating anisotropy is due to the loss of the vibrational
coherence, which is caused principally by the solvation dynamics and is manifested through
the lineshape function. These results are significant for studies of fundamental processes as,
for example, coherence transfer, and for development of new approaches to study structural
dynamics in biomolecules. We anticipate that the novel approach is generally applicable to a
broad range of systems with fully- or nearly-degenerate quantum states, studied by means of
ultrafast multidimensional spectroscopy.
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The FRHTG experiment was carried with four linearly-polarized ca. 75 fs mid-IR pulses
focused in the BOXCARS geometry. Polarization was rotated by true zero-order waveplates.
High-extinction wire-grid polarizers (Specac Ltd., extinction ratio ca. 1:700) were placed
right before the focusing lens to avoid depolarization upon reflections. Additional polarizer
on the signal beam was placed immediately after the sample cell. The heterodyne pulse
preceding the excitation pulses by 1 ps was overlapped with the signal dispersed onto the
liquid nitrogen-cooled array detector coupled to the spectrograph.
A solution of 0.1 M of potassium tricyanomethanide (99%, Alfa Aesar) in water and
dimethyl sulfoxide was placed between CaF2 windows with 6 micron spacer. In all
experiments the optical density of the sample was kept below 0.2.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(a) Schematic drawing of the polarization-selective BOXCARS setup. Gray beams represent
incident mid-IR femtosecond laser pulses, red beam – vibrational photon echo emission, P –
high-extinction wire-grid polarizers placed on each incident and emitted beam, L – focusing
lens, S – sample cell, FRHD – frequency-resolved heterodyne detection. (b)–(e) Types of
Liouville pathways involved in the heterodyned transient grating experiment. Here 0
represents the ground state and indices l and m are the fundamental modes of the molecule,
and l+k, stands for the combination band if l ≠ k and for the overtone if l=m=k. Note that
pathways in panels (b)–(c) involve interaction of the first pair of pulses with either l or m
modes. The time sequence is shown to the right of the pathways.
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Figure 2.

Vibrational coherence relaxation of TCM in water: PPTG anisotropy. (a) Normalized linear
infrared absorption spectrum with solvent background subtracted. (b) Numerically simulated
linear absorption spectrum. (c) Real part of the experimental FRHTG signal SXXXX (ω) at
T=250 fs. The negative and positive peaks at 2152 and 2173 cm−1 correspond to the
transient absorption and stimulated emission and ground state bleach signals, respectively.
(d) Response functions-based simulation results of the FRHTG signal SXXXX (ω) , as in
panel a. (e) PPTG anisotropy calculated at 2173 cm−1. Open circles – experimental data, red
line – fit to bi-exponential decay. (f) Simulated anisotropy waiting time dependence, with
the population and coherence transfers included.
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Figure 3.
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Vibrational coherence relaxation of TCM in water: CPTG anisotropy. (a) Anisotropy
calculated at 2173 cm−1. The data is normalized to the value at T=0. Open circles –
experimental data, red line – fit to equation (3). (b) Response functions-based simulation
results of the two coupled vibrational modes with parameters from Table 1. Blue and black
lines correspond to the cases where the contribution of the population and coherence transfer
is omitted and included, respectively.
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Table 1

Vibrational model parameters used for FRHTG signal simulations.
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TCM
Parameters

ω,

cm−1

mode 1

mode 2

2167

2176

Δ, cm−1

18a

δ, cm−1

15

µ, arb. u.

T1, ps

1

1
5

×1010, s−1

6.9

ket , ps−1

0.7

Δω, ps−1

1.3b

τC, ps

1.1

f

0.5b

D
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a

Δ is the anharmonicity of the vibrational modes.

b

these parameters were chosen to best match experimental results.
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